Abstract The Grímsvötn volcanic eruption, from 21 to 28
Introduction
Explosive volcanic eruptions produce mixtures of particulate matter (tephra) and gases that are directly injected into the atmosphere. The interaction of tephra particles with the environment may induce a range of positive and negative physical, chemical and biological effects from local to global scales (Ayris and Delmelle 2012) . It is well known that eruptive columns reaching tropospheric and stratospheric heights can have detrimental consequences for the climate, including an increase in greenhouse gases, sulphur and halogen species, as well as aerosols, which could lead to the acidification of precipitation (Robock 2000; Fontijn et al. 2014; Long et al. 2014) . On the other hand, volatiles released during an explosive volcanic eruption are usually adsorbed onto the surface of volcanic ash particles as water-soluble compounds (Rose 1977; Ayris and Delmelle 2012) . Scavenging of volatiles is variable, with the main elements being sulphur, chlorine and fluorine (Delmelle et al. 2007) . After deposition, the adsorbed compounds can be released to the environment where they have the potential to damage water quality, vegetation, livestock and people, although, in some cases, these effects may be positive, e.g. fertilising lands and oceans (Weaire and Manly 1996; Duggen et al. 2010; Frogner et al. 2001;  Responsible editor: Philippe Garrigues Electronic supplementary material The online version of this article (doi:10.1007/s11356-016-6559-7) contains supplementary material, which is available to authorized users. Langmann et al. 2010; Witham et al. 2005 ). An important factor of such compounds is that they dissolve rapidly in contact with water (Olgun et al. 2011; Ayris and Delmelle 2012; Ruggieri et al. 2012a, b) .
Other potential human impacts generated by the emission of tephra into the atmosphere include respiratory health hazards for the local population (Horwell and Baxter 2006; Horwell et al. 2013) , as well as severe problems for aviation (Casadevall 1994; Guffanti et al. 2009 ). Recent examples of environmental and social impacts of volcanic particulate matter are found in the 2010 Eyjafjallajökull and 2011 Grímsvötn (Iceland) eruptions. Both generated a low impact globally, although they caused great disruption to air traffic across Europe, especially the 2010 Eyjafjallajökull eruption Witham et al. 2012) , and direct effects in Iceland as a result of the ash fall, such as physical damage to roads and bridges, impact on health and loss of crops (Horwell et al. 2013) .
The aim of this work is to assess the main geochemical features of the environmental impact of volcanic ash-water interaction using the results of different leaching methods as proxies, through an analysis of the May 2011 Grímsvötn eruption. This work complements the findings of previous studies on this recent volcanic eruption (Oskarsson and Sverrisdottir 2011; Horwell et al. 2013; Olsson et al. 2013; Sigmarsson et al. 2013) , through the analysis of a distinct set of samples and the use of distinct leaching methodologies from previous works on the same eruption, allowing to determine more accurately the potential geochemical fluxes associated with the interaction of volcanic ash with water.
Geological setting
The active Grímsvötn volcanic system (GVS) is aligned along a NE-SW fissure system in south-central Iceland which lies partly beneath the vast Vatnajökull icecap (Fig. 1) . Grímsvötn central volcano is located above the Iceland mantle plume and thus has the highest rate of magma supply along the GVS. Laki fissure is located within the ice-free section of the GVS; in 1783-1784, it produced the largest historic lava flow on Earth, erupting about 14.7 km 3 of lava and ejecting 0.4 km 3 of dense-rock equivalent volume (V DRE ) of tephra (Thordarson and Self 2003) . The most recent events in the GVS are the 1996 Gjálp subglacial fissure eruption (Gudmundsson et al. 1997 ) and the smaller eruptions of 1998 (Sturkell et al. 2003 ) and 2004 (Jude-Eton et al. 2012 . During an eruption, the extensive geothermal activity beneath the Vatnajökull icecap and the subglacial lake bound to the main caldera (Agustsdottir and Brantley 1994; Alfaro et al. 2 0 0 7 ) c a n e n h a n c e m a g m a -w a t e r i n t e r a c t i o n s (phreatomagmatic eruption) generating a tephra-laden plume that can rise rapidly to the upper troposphere. The Grímsvötn eruption, which started approximately at 17:30 UTC on 21 May, 2011, was accompanied by an earthquake swarm. The highest eruptive intensity was recorded a few hours after the onset of the eruption when the plume reached a maximum altitude of 20-25 km Hreinsdottir et al. 2014) . After 24 h, the ash plume had reached about 100 km to the SW, affecting the villages of Kirkjubaerklaustur and Vík (Fig. 1) . Visibility in this area during the first few hours was extremely poor. In the following days, winds spread the ash plume over Iceland and distal fallout was even observed in the British Isles, Scandinavia (Kerminen et al. 2011; Tesche et al. 2012) and Baltic countries (Kvietkus et al. 2013) . After the first 24 h of the eruption, the volcanic plume decreased gradually, reaching heights closer to 10 km. On 23 May, the height of the plume decreased to 5 km, and on 28 May, the volcanic tremors rapidly decreased and finally disappeared at 07:00 UTC (Hreinsdottir et al. 2014) . The 21-28 May 2011 eruption was Grímsvötn's largest since 1873, with a Volcanic Explosivity Index (VEI) of magnitude 4 (Hreinsdottir et al. 2014) , thus representing a high potential risk through releasing various elements into water, specially fluorine, which can cause diseases in both animals and humans. Although this volcanic event caused some disruption to European airspace, it was minor compared to the 2010 Eyjafjallajökull eruption.
Methods
Fieldwork was conducted across affected regions of southwestern Iceland on 22 and 25 May, 2011. Most of the ash was released from Grímsvötn before 23 May Olsson et al. 2013 ); thus, sample ISG-0 (Table 1) , collected on 22 May at 14:02 UTC, might not contain volcanic ash from the paroxysmal phases of the eruption. The rest of the samples (eight) were collected on 25 May, from 14:32 to 18:27 UTC. It should be noted that, sometimes, it was slightly rainy during sampling on 25 May. Accordingly, the sampled ash from this day probably underwent some interaction with water, and therefore, we classify these samples as fresh rather than pristine. Sampling was carried out along a 100-km transect across the dispersal axis, following the main road through southern Iceland (Fig. 1) . This work thus focuses on the effects of the eruption over the downwind region. The ash samples were collected at five sites located at different distances from the vent using a stainless steel shovel (Table 1 and Figs. 1  and 2 ). Once collected, they were placed in polyethylene bags and transported to the laboratory in which they were dried at 40°C for 24 h in an oven and stored in polyethylene vessels until analysis.
Particle size distribution was obtained by laser diffractometry. Morphology and chemistry of ash particles were studied by scanning electron microscope (SEM). Mineralogy was determined by X-ray diffraction (XRD). Concentrations of major and trace elements in bulk ash samples and leachates were determined by high-resolution inductively coupled plasmamass spectrometry (HR-ICP-MS). Additional information on analytical methods is provided in the ESM 1: supplementary material.
The volcanic ash leaching experiments were carried out using two independent methods, including a series of batch leaching tests and a flow-through column leaching test. In the batch experiments, 1 g of each ash sample was mixed with 10 ml of Milli-Q Plus ultrapure water type (18.2 MΩ/cm) in 14 × 100-mm polypropylene test tubes (Ruggieri et al. 2012a, b) . Deionised water was chosen as the leachant because it allows a rapid screening of the potentially hazardous species leached from the ash (Witham et al. 2005 ) and the results are more reliable simulating the leaching by rainwater and are independent of the local surface and groundwater chemistry. The water leachates were shaken at 20 rpm for 4 h and subsequently filtered through polyvinylidene difluoride (PVDF) syringe filters with tube tips (Whatman, 25-mm diameter and 0.45-μm pore size). Finally, 1 % (v/v) HNO 3 was added to bring the volume up to 100 ml. The pH and the specific conductivity (SC) of batch leachates were monitored by means of specific electrodes (Crison Multimeter MM40) immediately after mixing the ash and the deionised water (pH 0 and SC 0 ), and after shaking (pH f and SC f ), prior to filtering. The methods used to determine major and trace elements by HR-ICP-MS analysis were based on a previous study (FernandezTuriel et al. 2000) . Sulphur concentrations are expressed as SO 4 −2 in the leachates. Fluoride concentrations were determined in the batch leachates prior to filtering using an ionselective electrode (ISE) for fluoride (Orion, Thermo Scientific). For the flow-through column leaching test, an 8-cm-long and 2.25-cm 2 cross-sectional-area vertical column was filled with 10 g of the representative ISG-3 ash, as in previous studies (Ruggieri et al. 2012a) . Column loading was carried out gradually, allowing the water to percolate through the ash but avoiding the development of air bubbles. A silica filter with an average pore size diameter of 60 Å was attached at the column inlet and outlet. A peristaltic pump (Miniplus 3, Gilson) at the head of the column ensured a constant and stable deionised flow of water (Milli-Q Plus type, 18.2 MΩ/cm) from top to bottom at an average discharge of 0.12 ml/min with ash-water contact time of around 150 min. A fraction collector (FC 204, Gilson) at the A t la n t ic O c e a n column outlet directed samples from the leaching solution into 14 × 100-mm polypropylene test tubes. We employed the drop mode collection, counting 400 drops per tube of aqueous solution from the column outlet. One litre of percolated solution was collected in 6 days, resulting in a set of 100 tube samples. A subset of 37 samples was analysed for major and trace elements by HR-ICP-MS, based on a previous study (Fernandez-Turiel et al. 2000) using acidified (1 % HNO 3 ) dilutions of 1:10 ml, v/v, with Milli-Q Plus-type deionised water. Another subset of 39 samples was analysed for pH and SC (Crison Multimeter MM40) immediately after tube filling. Samples were stored at 4°C until analysis.
Results and discussion
A total of nine samples were collected along the main plume dispersion axis. The ash fall deposited a practically continuous grey to dark grey blanket up to ∼100 km to the SW of the Grímsvötn vent in Iceland. A maximum thickness of 30 cm was observed 75 km from the vent in the Skaftá riverbank near Kirkjubaejarklaustur (sampling site ISG-3, Fig. 2 ). The closest ash fall deposits to the eruptive focus showed two beds separated by a planar boundary. The lower bed had planar lamination ( Fig. 2a) . Sample ISG-7 was collected from the thicker ash layer (10 cm) in the lower section of the tephra deposit, whereas ISG-8 was collected from the thinner ash layer (0.5 cm) in the upper section (Fig. 2a) . Samples ISG-5 (top) and ISG-6 (bottom) were collected a few meters from the previous outcrop where this two-layer structure was less clear. The rest of the samples were collected from deposits with no evidence of bedding or lamination ( Fig. 2b-d ).
The composition of the 2011 Grímsvötn ash ranged from basaltic to basaltic andesite, with silica content ranging from 50.94 to 56.14 %, m/m (Table 1 ). The samples are fairly homogeneous in terms of major oxide composition (Table 1) , with a broader compositional range for the trace elements. The highest variation coefficients (20-50 %) were shown by V, Cr, As and W.
The particle size distribution of the volcanic ash deposits allows two main groups of samples to be distinguished (Fig. 3) . The first group consists of unimodal and bimodal size distribution samples, although the dominant modes of the latter group are similar to those of the unimodal size distribution. The size distributions of ash with a maximum of between 72 and 125 μm show that the finer modes are in the more distal outcrops. The second group contains a bimodal distribution, with the dominant mode (753 μm) being coarser than that observed in the previous group (ISG-8) (Fig. 3b) . The difference in particle size distribution might be related to variations in fragmentation associated with fluctuations in the volume of water interacting with magma; the ash is finer when the water content increases (Liu et al. 2015) . Thus, water might have played a lesser role during the last eruptive period, causing the magma to fragment into coarser ash (sample ISG-8). The origin of the polymodal distribution of ISG-5 is not clear but could be related to plume transport or wind reworking. Another application for particle size analysis of volcanic ash is the assessment of potential breathing hazards. 'Thoracic' or PM 10 (<10 μm) particles are likely to cause respiratory diseases, and 'respirable' or PM 4 (<4 μm) particles can have the greatest toxic potential (Horwell and Baxter 2006) . The particle size analysis of the Grímsvötn ash showed ≤2.7 vol % for <4 μm and ≤6.0 vol % for 10 μm, which is consistent with the previous studies performed with different ash samples from the same eruption (<3.5 vol % <4 μm and <8.4 vol % <10 μm) (Horwell et al. 2013) . In comparison, in the 2010 Eyjafjallajökull eruption, it has been found higher percentages of thoracic and respirable particles (2-13 vol % for <4 μm and 4-26 vol % for <10 μm), varying with the eruptive phase (Horwell et al. 2013) . Taking into account the population density of southern Iceland (<3 Based on SEM and XRD analyses, the 2011 Grímsvötn ash has >90 % juvenile glass particles. The glass is associated with plagioclase, clinopyroxene, diopside and olivine phenocrysts. This mineralogical composition is coherent with data from previous studies on the erupted 2011 Grímsvötn ash (Olsson et al. 2013; Sigmarsson et al. 2013 ). An iron sulphide was also present as a minor phase (stoichiometric calculations were made assuming pyrite as the mineral phase observed), which was detected in the XRD measurements for the sample ISG-4. Although some rare occurrences of sulphide globules were indicated previously in Grímsvötn 2011 ash (Sigmarsson et al. 2013) , the presence of iron sulphides, which are highly soluble in water, is presented for first time in this study.
General and detailed SEM images show that blocky shards are very angular and poorly to nonvesicular with curviplanar breakage surfaces (Fig. 4a, b) . More rarely, fluidal particles with elongate vesicles (Fig. 4b ) and spherical shapes (Fig. 4c) were found. Minor phases such as plagioclase, clinopyroxene, diopside and olivine are difficult to identify using the SEM because glass usually surrounds these crystals. Instead, iron sulphide formed subspherical aggregates of subhedral cubic crystals, partially covered by or free of glass (Fig. 4d) . The origin of this iron sulphide is probably the same as that proposed for the sulphide globules, i.e. generated by basaltsulphide melt exsolution before degassing of the magma (Sigmarsson et al. 2013 ). The rim textures vary, probably related to differences in cooling rates.
The observed ensemble of shard morphologies is due to the explosive interaction of magma with water that favoured the particle fragmentation. Ash particle aggregates are scarce and could be associated with processes of early ash aggregation in the plume (Bonadonna et al. 2011; Taddeucci et al. 2011 ). This feature is expressed as bimodality in the particle size distribution of some samples (Fig. 3) . However, due to the high water content and the height of the eruption column, more aggregates were expected to be found (Brown et al. 2012 ). This scarcity of aggregates could be related to the break-up of aggregate during ash fall, as in the 2010 Eyjafjallajökull eruption (Taddeucci et al. 2011) .
We tried to obtain some proxies for the chemical processes occurring during the interaction of ash and water by means of the batch leaching experiments. This is a simple and fast way to establish the leaching rates of the elements during this interaction. A key question at this point is the 'pristineness' of the volcanic ash. Ash samples collected after or during rainfall are different to ash collected under dry conditions due to mobilisation of different salts from ash at different rates during the initial ash-water interaction (Taylor and Lichte 1980; Jones and Gislason 2008; Ruggieri et al. 2012a ). Accordingly, leachate data might be compromised by rainfall in samples ISG-1 to ISG-8, leading to our classification of them as fresh rather than pristine. In consequence, the results presented in this work must not be taken as 'absolute' fluxes of the eruption; however, they fingerprint the 2011 Grímsvötn eruption and indicate the order of magnitude of the fluxes involved.
Results of the single batch leaching tests showed a waterleach solution which was slightly acidic immediately after the ash-water interaction, with the exception of three samples which were weakly alkaline, ranging from pH 5.80 to 7.62 (Table 2) . After shaking for 4 h, the average pH of leachates increased by around 1.90 pH units, resulting in solutions whose pH ranged between 7.33 and 9.26. This increase can be explained by ionic exchange, i.e. dissolution of surface cations and protons of glass and minerals (Gislason and Oelkers 2003; Ruggieri et al. 2010) . The behaviour of the explosive ash from Eyjafjallajökull in 2010 was similar, with a slightly more basic pH (pH∼8) which rose after the ashwater mixing (Gislason et al. 2011) . The initial values of specific conductivity (SC) ranged from 7 to 356 μS/cm (Gislason et al. 2011) , increasing in all samples in the final solutions to a range of 14-404 μS/cm ( Table 2 ). The samples with lower values of pH and SC were ISG-5 and ISG-8, the coarser samples and probably more affected by rain (Table 2 and Fig. 3) .
When the batch results of this work are compared with data from other tephra-leachate studies (Ayris and Delmelle 2012), the Grímsvötn leaching results are at the lower end of the ranges, with clearly lower means and medians, even taking into account the rain effect and the differences in leaching methodologies. The Grímsvötn leaching results are in agreement with the observations in previous works (Ruggieri et al. 2012b; Witham et al. 2012; Olsson et al. 2013) . Table 3 compares the batch leached fraction of a Grímsvötn ash (sample ISG-3) with Chaitén 2008 eruption (Chile) and Eyjafjallajökull 2010 eruption (Iceland). The 2008 Chaitén eruption (Ruggieri et al. 2012a ) was rhyolitic in composition and is located in a different geological setting, but the batch test was carried out following the same methodology as the one used for the 2011 Grímsvötn ash. In contrast, the 2010 Eyjafjallajökull eruption was compositionally closer to Grímsvötn, and both were located in the same geotectonic setting. However, these samples of the phase I eruption were not pristine, and the solute/ ash ratio (1:25), agitation type and time (2 h) used in the batch test were different (Bagnato et al. 2013) .
Despite the differences, their leached fractions produce similar results in terms of order of magnitude for major elements. The exceptions are Cl and K, which are exceptionally low in the Grímsvötn ash. The remarkably low release of Cl was also found in column leachates (Olsson et al. 2013) . Overall, minor and trace elements are leached at lower rates in the Grímsvötn than in the Chaitén and Eyjafjallajökull ashes.
A proxy for the mobility of elements during the ash-water interaction is the relative mass leached (RML) which is defined as the percentage of the element that can be mobilised through ash-water interaction, and it is expressed as the fraction of the leached element obtained from the batch experiment (Conc batch ) over the element's bulk concentration (Conc bulk ). Therefore, RML is expressed as RML % = Conc batch / Conc bulk * 100 (Table 3) .
To determine the leached mass for each element, we need to know the total mass of tephra erupted in 2011 by Grímsvötn volcano, which can be estimated using the dense-rock equivalent volume (V DRE ) and the density (ρ DRE ). The V DRE expresses the volume without the void spaces in the ash particles (vesicles) and the interparticle space. The V DRE was estimated as being 0.27 ± 0.07 km 3 for this eruption (Hreinsdottir et al. 2014) . Assuming a ρ DRE of 2700 kg/m 3 , the resulting mass is 7.29×10 14 g. The results obtained for the studied elements are in Table 3 .
Each element was classified arbitrarily according to their RML mobility proxy, differentiating between elements with moderate (RML 0.5 to 1.00 %; Sn), low (0.01 to 0.5 %; As, Bi, W, Pb, Sb, Tl, Li, Mo, Zn, Na, Cu, K, Cs, Ca, Sr, Ni, P, Be, Rb, Tb and Ta) and very low mobility (RML<0.01 %; Ge, rare earth elements or REE, Th, Y, Ba, Mg, Mn, Ga, Al, Hf, V, Cr, Co, Fe, Nb, Sc, U, Zr, Ti, Si and Ag). The results show a small degree of mobility for all elements and remarkably low for major elements. Although the concentrations of Cl, S, B, F, Se, Br, Cd, I and Hg were analysed in the batch experiments, their RML could not be estimated since their bulk compositions were not determined. Despite the low mobility of elements, the overall quantity released into water may be sizeable (Table 3) by combining the element solubilities and the total estimated mass of tephra. Grímsvötn ash contains notable contents of potential macronutrients (8.91 × 10 9 g Ca, 7.02 × 10 9 g S, 9.91 × 10 8 g Mg and 1.45 × 10 8 g P) and micronutrients (1.10 × 10 9 g Cl and 9.91 × 10 8 g Fe) for biological processes, which show the fertilising potential of the ash both in terrestrial ecosystems (Weaire and Manly 1996) and in the surface water of oceans Olgun et al. 2013) . Although these values give an estimation of the impacts on marine environment, a leachate study using natural seawater would determine more precisely the impact of the Grímsvötn ash in oceanic waters. Potential environmental problems arising from ash fallout on land or into fresh water systems, on the other hand, are mainly associated with the release of fluoride (5.19 × 10 9 g F), with the hazard of other potentially toxic elements or compounds being extremely low in comparison. It can be observed when contrasting the potential leachable mass of the 2010 Eyjafjallajökull (Bagnato et al. 2013; Gudmundsson et al. 2012 ) with the 2011 Grímsvötn eruption that the potential release of macronutrients (4.79 × 10 10 g Ca, 1.48 × 10 10 g S, 2.63× 10 9 g Mg) and Cl (5.57 × 10 10 g) to the environment for the former ash was higher, except for Fe (3.65 × 10 8 ). The potential leachable mass of fluoride in the 2010 eruption was also higher (1.53 × 10 10 g) in the Eyjafjallajökull ash. The sulphur fluxes of the 2011 Grímsvötn eruption have been studied previously (Sigmarsson et al. 2013 ). These authors estimate that 7.3 × 10 11 g of S was emitted during this eruption, which can be broken down to 7.2 × 10 11 g of S as SO 2 gas detected by satellite (26 %), 1.2 × 10 11 g of leachable S (16 %), 3.7 × 10 10 g of S released in the Jöhulhlaups (5 %) and 3.8 × 10 11 g of S in sulphide globules (53 %). The value obtained for the leachable S content was taken from previous estimations (Olsson et al. 2013) . The leachable S value is notably lower in the present work, independent of the leaching method, probably due to prior leaching during rainfall. The results from both previous work and this study on sulphide estimates are equivalent to ∼0.3 % of pyrite, which is coherent with our observations by XRD and SEM.
The flow-through column leaching test allows the evolution of the leached composition over time to be modelled. The test was carried out with sample ISG-3 due to its representativeness within the 2011 Grímsvötn eruption ash collection. Its selection was done following field and laboratory criteria. Firstly, it was one of the samples not visually affected by rain during sampling, and secondly, it is the sample with the most representative particle size distribution. The results are given in ESM 2: Table S1 (supplementary material) and Fig. 5 , where they are plotted as progression curves of pH, major and trace elements versus accumulated volume of the percolated solution (Fig. 5) .
The pH ranges from 6.55 to 7.10, increasing rapidly at the very beginning of the experiment. This trend has been commonly reported in other volcanic ash column leaching tests (Rango et al. 2010; Ruggieri et al. 2010) . Once pH has reached its maximum (7.10), the general trend is towards a progressive decrease for about 0.3 units from the beginning to the end, following a saw-tooth pattern. The initial rise in pH was also recognised in the batch experiment, and it is likely due to the virtually instantaneous exchange of the alkaline ion by H + (or as (H 3 O + ), i.e. increase in pH (Ruggieri et al. 2010 ). The concentrations of the elements in the percolated solution tend to decrease gradually through time. The high incipient concentrations of SO 4 2− , Na, Ca, Mg, K and Sr (Fig. 5) confirm the presence of soluble compounds on ash particle surfaces, originating from interaction between tephra and volcanic gases within the eruption column (Rose 1977; Delmelle et al. 2007) . A considerable number of elements show a major peak in concentration between 50 and 60 ml of percolated solution, which sometimes exceeds the initial concentrations (Si, Al, P, Ti, V, Fe, Ni, Cu, Zn, Zr and Ba). This anomaly in the decreasing trend may be due to the incongruent dissolution of volcanic glass by cation exchange processes (Rango et al. 2010; Ruggieri et al. 2010) . Towards the end, the element concentrations become stable, suggesting that the most leachable fraction is exhausted. This situation is reached at relatively small percolated volumes for Na, Si and Cl (∼150 ml), indicating a very fast release of these elements, while the stabilisation of element concentration for Ti, Mn and Zn is notably higher, by up to four times (∼600 ml), indicating a more prolonged release over time. When the discrete column leaching results are plotted on the Chadha diagram (Chadha 1999) for identification of hydrochemical processes, the values group into three sets based on the evolution of the leachate composition (Fig. 6) . Set 1 is made up of a single solution that corresponds to the onset of the experiment. Set 2 shows a significant decrease in anion content (Cl − and SO 4 2− ) in the solution, whereas set 3 is characterised by a notable reduction in Na, K, Ca and Mg contents, reaching a generally stable situation where no more significant changes are observed (Fig. 6) . The batch results are close to the starting value of the column experiment in Fig. 6 , with the exception of samples ISG-5 and ISG-8, which also show anomalous behaviour here. This behaviour is interpreted as being partially related to their exposure to rain, and thus, the plot of leaching results on a Chadha diagram could be a useful tool for distinguishing nonpristine ash samples. In addition, these two samples belong to the coarser group of samples, pointing out that the anomalous behaviour observed in the Chadha plot could be also related with the fact that finer ash presents a larger surface/volume ratio promoting the conditions for the formation of soluble salts on ash surface.
The element masses released in the column experiment are lower than in the batch tests (Table 3) . These masses were estimated by interpolating values between analysed samples to complete the data for the total percolated volume. Variations between elements are due to the different physicochemical conditions during Data for batch (1 g volcanic ash was shaken with 10 ml of deionised water for 4 h) and column leaching (10-g ash was leached in a flow-through column with 1000 ml of deionised water pumped at 0.12 ml/min) experiments are shown for the same sample (ISG-3), chosen for its preservation and particle size distribution. Batch results are compared with an average of ash batch tests (Ayris and Delmelle 2012) , sample CH-1F of 2008 Chaitén eruption (Ruggieri et al. 2012a) and mean values of samples from the first eruptive phase of the 2010 Eyjafjallajökull eruption (Bagnato et al. 2013) nd not determined, <LoD lower than limit of detection the experiments. For the major elements, Si has the closest values for the two methods (8.60 × 10 8 g in batch vs. 8.17 × 10 8 g in column). On the other hand, S and Cl have the largest differences (7.02 × 10 9 vs. 9.73 × 10 8 g for S and 1.09 × 10 9 vs. 1.40 × 10 8 g for Cl, for batch and column tests, respectively). Assuming that batch results reflect the maximum available elemental content of an ash, the column results corroborate their fast release into the environment for practically all the studied elements when ash interacts with water.
Conclusions
The study of the ash generated during the May 2011 eruption of the Icelandic volcano Grímsvötn demonstrates the complementary nature of batch and column leaching experiments in the assessment of the environmental consequences of ejection of ash into the atmosphere and its later deposition on terrestrial and aqueous surfaces. Furthermore, it helps consolidate the methodology for the environmental study of volcanic ash, while at the same time providing new tools to distinguish pristine from nonpristine samples. In this scenario, the main findings regarding the May 2011 eruption of Grímsvötn volcano reveal that Na, K, Ca, Mg, Si, Cl, S and F show the largest geochemical fluxes caused by the interaction of water and ash. Additionally, the significant amounts of some of these elements (Ca, S and Mg) together with P, Cl and Fe, which are usually considered as macro/ micronutrients, demonstrate the fertilising potential of the May 2011 emitted ash. On the other hand, release of F highlights the possible environmental problems arising from ash fallout on land or into fresh water systems. It is noteworthy that the chemical release is maximal during the first few hours of contact between tephra and water due to the dissolution of soluble salts from the ash surface. As time progresses, these constituents are exhausted, the release drops considerably, and elements are freed instead by the incongruent dissolution of the volcanic glass. In addition, the scarce presence of iron sulphide, which is very rare in juvenile ash, underlines the singularity of this sample collection. 
